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ABSTRACT 
The electrophoretic deposition technique was adapted to the coating of Type 
303 stainless steel  tes t  pins, t es t  discs ,  and worm gears  with codeposited 
solid lubricant films containing 20 volume (7'0 MoS2 plus Monel o r  _silver- 
copper eutectic. In Falex tes ts ,  the silver-copper bonded film exhibited 
better adherence than the Monel-bonded composition and sustained loads of 
up to 140 lbs.  with a coefficient of friction of 0. 05 o r  less when run against 
uncoated C1137 steel "V" blocks (20-25Rc) at 290 rpm. 
sliding friction tes ts ,  the best  of the Ag-Cu-bonded coatings maintained a 
coefficient of friction of l e s s  than 0. 3 for 60 hours when rubbed against an 
uncoated bronze sphere at a normal load of 60 g rams  and a speed of 4 fpm. 
The best  of the Monel-bonded films ran a total  of 96 hours with a coefficient 
of l e s s  than 0. 3 under the same load and a t  a speed of 40 fpm. 
wore rapidly when the normal  load was increased to 600 grams.  
In pin and disc  
Both films 
A set  of 16 single thread, right hand, 0. 3333" pitch diameter ,  Type 303 
stainless worm gears  were coated with each of the lubricant films and were  
delivered to NASA for further evaluation. 
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ELECTROPHORETIC DEPOSITION O F  METAL-BONDED 
MOLYBDENUM DISULFIDE FOR GEAR LUBRICATION 
1. INTRODUCTION 
The objective of this program was to provide worm gears  for evaluation having 
a solid lubricant coating applied by the electrophoretic process ,  and metal-  
lurgically bonded by subsequent thermal treatments.  The pitch diameter of 
the worm gears  was 0.  3 3 3 3  inches. 
nominally 2 0  volume percent MoS2 and two metal  alloys a s  the bonding medium 
There were  two main incentives for  the study: 
The solid lubricant coating consisted of 
a) To provide a flexible coating process  capable of depositing many 
different types of lubricant films in controlled thickness upon 
machine elements of complex geometry. 
b) To improve the wear  resistance of molybdenum disulfide-base 
lubricant films by forming a metallurgical bond between the film 
and the substrate. 
purpose were various alloys of si lver,  nickel, and copper. 
The metallic binders investigated for  this 
Comprehensive reviews of ear l ie r  work on the frictional properties of unmodi- 
fied, resin-bonded, silicate-bonded, and metal-bonded molybdenum disulfide 
lubricant formulations a r e  available in the literature''(l 'lo). 
described in these references were usually performed on pressed  and sintered 
solid compacts of lubricant plus binder. Electrophoretic deposition of various 
lubricant compositions for use a s  coatings i s  disclosed in three United States 
patents( l1) .  
The tes ts  
The investigation to accomplish the aforementioned objectives entailed a study 
of the electrophoretic bath composition, deposition variables,  and sintering 
conditions required to provide the desired coating on a specified worm gear .  
The limiting conditions were that the solid lubricant coating was to consist  of 
Ag, Cu, Ni ,  o r  alloys of these elements containing a nominal 20 v /o  MoS2. 
Fur thermore ,  the sintering and bonding temperature was  not to exceed 8OO0C 
in  order  to preserve the strength characterist ics of the 303 stainless s teel  
worm gears .  
.c ,I- 
Numbers in parentheses refer  to literature sources  cited in the Bibliography. 
1 
During the course of study it was established that s intered and bonded 
coatings could not be obtained at the limiting 800°C temperature;  but effec- 
tive bonding could be obtained in  several  systems at 900" and 1000°C. 
Consequently, the limiting temperature was increased to 1000°C. Sliding 
friction t e s t  data were obtained with a Falex machine at Vitro and with a 
pin and disc apparatus at the Midwest Research Institute on two selected 
solid lubricant coatings. 
with the two tested coatings, and the gears  were  forwarded to NASA, Goddard 
Space Flight Center for further evaluation. 
Type 303 stainless s teel  worm gears  were  coated 
2 
2. DISCUSSION 
2.1 Materials and General Procedures  
The raw mater ia ls  used in the preparation of the electrophoretic dispersions 
were  Bemol MoS,, (98% minimum molybdenum disulfide content and having 
an average particle size of 0.63 microns (F isher ) )  and reagent grade NiO, 
C y 0  and AgtO powders. 
argon fo r  one hour to  remove residual organic volatiles. 
loss was of the order  of 0.4%. 
condition. 
The Most  required an initial bake-out at 450°C in 
The oxides were utilized in the as-received 
The resultant weight 
Master  powders were prepared by premixing the oxides with M o s t ,  ball  
milling in isopropanol f o r  one hour, and drying. 
combinations of NiO and Cu20, the oxides were  milled and calcined p r io r  to  
milling with the MoS,. This provided a more  homogeneous blend and mini- 
mized the possibility of preferential deposition of one of the oxides. It was 
not possible to calcine oxide mixtures containing AgzO, however, because of 
i t s  low dissociated temperature.  
temperatures  and agglomerated, yielding an inhomogenous mixture of Ag, 
CuzO and NiO. 
In those systems containing 
The AgtO reduced at the low calcining 
The electrophoretic dispersions were prepared  by mixing 2-2$% solids 
(80 v / o  oxide - 20 v/o MoS,), 1-2% Zein (based on solids) and a t race  of 
cobalt nitrate electrolyte with a 60/40  by weight mixture of isopropanol - 
nitr omethane solvent. 
Electrophoretic deposition was car r ied  out in an agitated, recirculating bath 
at 100 - 200 volts and 10 - 30 milliamps for 0. 5 to 1 minute depending upon 
the dispersion and desired thickness of coating. 
The green coating was dried,  isostatically densified at 10 tsi, and then r e -  
duced under hydrogen. 
500°C to reduce the oxides to  metal and to  form a presintered coating which 
could be handled for  further processing. The reduction cycle var ied slightly 
depending upon the coating constituents; however, reduction temperatures  
could not exceed 500°C due to  reactions between MoS2 and water vapor and 
hydrogen. The presintered coatings were repressed  at 10 tsi and then 
sintered at 750" - 1000°C in argon using chromium powder as a getter t o  r e -  
move t r aces  of impurities f rom the protective atmosphere. 
The reduction cycle consisted of heating slowly to  
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The finished coatings were  examined metallographically and 1 /4" diameter 
coated pins were prepared f o r  testing in a Falex friction t e s t e r ,  Stainless 
s tee l  worms,  equivalent to  P ic  Catalogue No. Q8-2 (Mil F-14072 E-300) 
R B  75-83, were also coated with the optimum coatings f o r  final testing at the 
NASA Goddar d Space Flight Center. 
2 .2  Coating Development Studies 
During the initial stages of the study, attempts were  made to prepare disper-  
sions f rom combinations of metal  powders and Most. 
and coatings could not be obtained because: 
Satisfactory dispersions 
1. Selective deposition occurred, with the Most depositing f i r s t  and 
at a fas ter  ra te  than the metal powder due to i ts  smaller  particle 
size. 
2. High quality fine metal  powders (1 - 10 micron)  could not be obtained. 
3. Copper powder was found to reac t  with nitromethane and therefore 
destabilized the dispersion. 
4. Nickel powder produced a rough coating due to  its ferromagnetism. 
5. Mixed metal powders did not deposit evenly with MoSz, resulting in  
a banded structure.  
These problems necessitated a second approach for the preparation of metal-  
bonded solid lubricant coatings. Coating was accomplished by using oxides of 
Ni,  Cu and Ag. Nickel oxide was very stable in nitromethane, CuzO was 
slightly reactive,  and AgtO was significantly reactive; i. e., dispersions 
containing Ag20 had to  be discarded approximately 12 hours after preparation. 
Dispersions of the desired metal  oxides were deposited, pressed,  then slowly 
reduced. in hydrogen at temperatures  and t imes  which would not cause reduc- 
tion of the MoS2. 
in an argon atmosphere. Ag20 was reduced by heating in  hydrogen for  1 hour 
at 100" - 150"C, CuzO was reduced at 250" - 275°C for 2 - 2 t  hours,  and 
NiO was reduced at 400" - 500°C for 1 hour. 
systems w a s  l e s s  than 0. 5'7"; whereas in  the Ni-bearing systems 2 - 5% oxygen 
remained as a result  of the incomplete reduction of NiO at this limiting 
temperature.  
The coatings were finally sintered at a higher temperature  
Residual oxygen in the Ag-Cu 
Table I i l lustrates the decomposition of MoS2 in  hydrogen as a 
4 
TABLE 1 
THERMAL DECOMPOSITION O F  M o S ~  IN HYDROGEN 
AS A FUNCTION O F  TEMPERATURE 
Temp ('Cy Atmosphere Time ( h r s )  70 Wt. Loss  Remarks 
100 H2 1 /2 0.07 initial coal tar odor; 
no odor at termination. 
2 0.4 initial coal tar odor; 400 H2 
no odor at termination. 
2 0.55 initial coal tar odor; 500 H2 
no odor at termination. 
2 -1 /2  0.64 initial coal tar odor; 600 H2 
slight H2S at termination. 
2 1 . 0  initial coal tar odor; 700 H2 
H2S at termination. 
2 2.12 initial coal tar odor; 800 H2 
strong H2S at termination. 
800 Argon 1 0.48 initial coal tar odor; 
no odor at termination. 
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function of temperature.  
noticeable quantity of HzS w a s  liberated. 
c a r r i e d  out in accordance with the following cycle to avoid decomposition 
of the MoSz lubricant: 
It is seen that at temperatures  above 500°C a 
All reductions were therefore 
250 - 275°C 1 - 2 hours 
300 - 350 
350 - 400 
1 / 2  hour 
1 / 2  hour 
500 hold 1 hour 
Adequate sintering and/or bonding of the reduced coatings to  the 303 stainless 
substrate could not be effected at the limiting 800°C sintering temperature .  
Nickel and nickel-copper (Monel) coatings containing 20 v/o M o s t  would not 
s inter  o r  bond at this temperature.  Silver, copper, and copper-silver 
eutectic containing 20 v/o MoSz sintered but no bonding was effected to  the 
303 stainless s teel  substrate. 
To enhance bonding, 303 stainless s teel  pins were  plated with nickel and with 
copper by both electroless and electrolytic methods. Gears  could not be 
completely o r  uniformly coated by electroplating, and electroless  Cu plating 
was too sensitive to  obtain reproducibility. Since it was not within the scope 
of this  program to optimize these various plating techniques, only electroless 
nickel plating, which appeared satisfactory for  this application, was utilized. 
Some pins were satisfactorily coated with electroless copper, however, and 
they were  processed for comparison purposes.  
The electroless plating bath compositions were  as follows: 
Electroless Nickel Bath 
Nickel Chloride 30 g/1 
Sodium Hypophosphate 10 g / 1  
Sodium Hydroxyacetate 50 g / l  
pH (Adjust withHC1) 4-6  
Tempera ture  86  - 90°C 
Plating Rate 0.5 mi l  /hr  
6 
Electroless Comer  Bath I 
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I 
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Solution A 
Rochelle Salts 170 g / l  
NaOH 20 g / l  
Copper Sulfate*5H20 35 g/1 
Sodium Carbon at e 30 g/1 
Versene T 20 g/1 
Solution B 
F o r m  aldehyde 37-407' (commercial  solvent) 
Plating Solution: 5Vol. Solution A to  1 Vol. Solution B. 
I 
1 
I 
Silver, copper, and copper-silver eutectic alloy coatings containing nomin- 
ally 20 v/o MoSz were sintered and bonded to  electroless nickel coated 303 
stainless s teel  pins at 800°C o r  less. 
2 . 3  Metallographic Examination of Coated Tes t  P ins  
A s e r i e s  of tes t  pins were prepared and forwarded to  NASA/Goddard Space 
Flight Center for evaluation and screening t e s t s  pr ior  to  selecting two 
compositions for sliding friction tests.  Table 2 l is ts  the coatings and 
sintering conditions for  these tes t  pins. 
A cu r sa ry  evaluation by NASA revealed that all of the coatings were  too soft 
(insufficient sintering) for the purposes intended. A second se t  of pins was 
prepared in  which Ni  was added to the lubricant composition to  increase the 
hardness  of the coating, and the sintering temperature  limitation was increased 
to 1000°C to improve the coating density. 
spective sintering conditions for  this set  of tes t  pins. A l l  coatings in this  group 
of specimens were considerably harder than those of the f i r s t  group due to the 
higher sintering temperature.  
several  of the coatings. Figure l a  shows the s t ructure  of the Ag-Cu eutectic 
MoS, over electroless nickel which was sintered f o r  1 hour at  750OC. The 
coating appears good with respect to the distribution of MoS2 and adherence 
to the substrate. 
the coating o r  substrate. 
Table 3 lists the coatings and r e -  
Figure 1 shows typical microstructures  of 
There  appears to be no evidence of diffusion of the N i  into 
Figure l b  shows the s t ructure  of the Cu-MoSz 
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No. of P ins  
TABLE 2 
PROCESSING CONDITIONS FOR COATED TEST PINS 
SETNUMBER 1 
(All coatings Hydrogen Reduced for  1 / 2  Hour at 450°C) 
Nominal Composition 
Sintering 
Cvc2.e 
2 Electroless  Cu + (800/oCu-20yoMoS2) 800°C - 1 hr .  Argon 
1 Electroless  Cu t (8OO/oAg-2OyoMoSz) 800°C - 1 hr. Argon 
1 Electroless  Ni + (80~oCu-200/oMoSz) 800°C - 1 h r .  Argon 
1 Electroless  Ni t (8O%Ag-20yoMoSz) 800°C - 1 h r .  Argon 
1 Electroless  Ni + [80yo(72Ag-28Cu)-2OyoMoS2] 750°C - 1 h r .  Argon 
2 Electroless  Cu t [8Oyo(72Ag-28Cu)-2OOJoMoS2] 750°C - 1 h r .  Argon 
TABLE 3 
PROCESSING CONDITIONS FOR COATED 
TEST PINS CONTAINING NICKEL 
(Reduction Cycle 45 minutes in Hydrogen at 450°C) 
No. of P ins  Nominal Coating Composition 
Sintering 
TemDerature 
Electroless  Cu + (8OO/oCu-2OO/oMoS~) 
Electrolytic Ni f [80%(62.5Ag-32.5Cu-5Ni)-2O?IoMiSz] 
Electroless  Cu t (8O%Ni-2OyoMoSz) 
Lightly Sand blasted - (80%Ni-20y0MoS~) 
Lightly Sand blasted t [ 80% ( ~ O N ~ - ~ O C U ) - ~ O ~ O M O S ~ ]  
Lightly Sand blasted t [SO% ( ~ O N ~ - ~ O C U ) - ~ O ~ O M O S ~ ]  
Elec tr ole s s Cu + [ 8 0% (7 ONi - 3 OCu) - 2 OOJoMoS2] 
Electrolytic Ni + [8 0% (7 ONi - 3 OCu) - 200/oMoSz] 
Electrolytic Ni + [8 0% (70Ni- 30Cu) -2OYoMoS2] 
1000°C - 1 h r .  
900°C - 1 h r .  
950°C - 1 h r .  
950°C - 1 h r .  
900°C - 1 h r .  
1000°C - 1 h r .  
1000°C - 1 hr .  
900°C - 1 h r .  
1000°C - 1 h r .  
8 
I' Unetched Etched 
a)  Elec t ro less  nickel t [8O% (72 Ag - 28 Cu) - 20% MoSz] Sintered 750°C 
. 7 r, .a=*' - .- . ryr /  
.> . I . . ' , '  .* , . f * a *  9 
s. ~ / -  I) 
b) Electroless  Copper t (80% Cu - 20'30 MoSz) Sintered 1000°C 
I . -  . .  
e .  . 
c )  Sandblasted Substrate t [8O% (70 N i  - 3 0  Cu) - 20% MoSz] Sintered 9OooC 
' .  
d)  Electrolytic Nickel t [8O% (70 Ni - 30 Cu) t 20% MoSz] Sintered 1000 "C 
FIGURE 1 
MICROSTRUCTURES OF METAL BONDED M o S ~  COATINGS 
O N  303 STAINLESS STEEL TEST PINS 
10% Oxalic Acid, Electrolytic; Magnification 500 X) (Etchant: 
coating over electroless Cu which w a s  sintered for 1 hour at 1000°C. A 
slight amount of diffusion of Cu into the substrate appears probable. The 
coating i s  good with regard to  the distribution of Most and adherence. 
Figure 1 c shows the s t ructure  of Monel-MoSz directly over a sandblasted 
substrate surface which was sintered at 900°C. Some diffusion is evident 
as  well as grain boundary penetration. 
uniform as  in specimens 1 a and 1 b. Figure 1 d shows the s t ructure  of the 
Monel-MoSz coating over an electrolytic N i  coating. 
bonded to the substrate, very dense, and exhibits good distribution of the 
The distribution of MoSz is not 
The coating is well 
Most. 
2.4 Falex Friction Tes ts  
As a resul t  of the metallographic studies, the three  systems selected for  
further tes t s  were: 
A. Monel-MoS2 on sandblasted 303 stainless steel ,  sintered at 900°C. 
B. Monel-MoS2 on electroless Ni-coated 303 stainless steel ,  sintered 
at 1000°C. 
C. Ag-Cu eutectic on electroless Ni-coated 303 stainless s teel ,  sintered 
at 750 "C. 
Fifteen pins, each 1 /4" diameter by 1-1 /2  in. long, were coated with each of 
the th ree  selected coating systems for  testing in a Falex friction tes te r .  
Figure 2 shows a photograph of the Fa lex  machine. 
The pins were coated and sintered in accordance with the cycles previously 
established. The coatings, after hydrogen reductions, were  removed f rom 
severa l  pins and chemically analysed to insure composition. These data a r e  
l isted in  Table 4. 
Friction tes t  data were obtained using standard 96" V blocks fabricated f rom 
C 1137 steel ,  heat t reated to  Rc 20-25. 
to  an initial load of 20 pounds and torque values were  read  every 15 seconds 
over a period of 45 seconds. 
and torque values were recorded as above for  each increment  of load. Tes ts  
were terminated when a sudden increase in torque was noted o r  when a load 
of 100-120 pounds was reached, whichever occurred first. The coefficient of 
friction w a s  calculated from: 
In most t e s t s ,  the pins were  subjected 
The load was increased in 10 pound increments,  
f = 2.9726 x Torque (in-pounds)/load (pounds) 
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T A B L E  4 
CHEMICAL ANALYSIS OF HYDROGEN-REDUCED COATINGS 
SELECTED FOR FALEX FRICTION TESTS 
c u  w/o Ni w/o M o s t  v/o W Ag / o  
28 70.  5 29. 5 - 
69.0 31.0 - 26 
3 0 . 0  
32.0 
25.4 
70.0 
68.0 
74.6 
20 
21.7 
23.8 
In Figure 3, the torque vs. coefficient of friction i s  plotted for four speci-  
mens of an 80% (70 Ni - 30 Cu) - 20% M o s t  coating f i red at 1000°C on electro-  
less  nickel coated pins. 
coefficient of friction increased steadily throughout the tes t  period. 
initial friction coefficient tat a load of 20 lbs. ) ranged f rom 0 .22  - 0.26. The 
same coating applied to  the sand blasted s teel  pins failed immediately with 
only one of four specimens tested surviving 45 seconds at successive loads 
of 20, 30, and 40 pounds before failure. The torque and coefficient of friction 
f o r  this sample ranged from 1 in.-lb. and 0.15 at the onset of testing to 3.3 in.-lb. 
and 0.25 at failure.  All the tes t  pins showed considerable scoring with no coating 
remaining in the wear area.  
These specimens wore very  rapidly and their  
The 
The 80% (72 Ag - 28 Cu)  - 20 MoSz coatings sintered at 750°C on electroless  
nickel coated 303 stainless s teel  were considerably better than the Monel- 
MoS, coatings although the data were somewhat scattered. 
15 specimens were prepared in  3 se ts  of 5 each for further testing. Of five 
specimens tested in which the coatings were  equivalent in appearance,  one 
failed immediately and four sustained loads up to 140 pounds for running t imes 
up to  9-1 / 2  minutes with an average coefficient of 0. 05 and a torque of approxi- 
mately 1. 5 in.-lbs. 
Sample numbers 1, 3, 4 and 6 ran the ful l  duration of the tes t .  Sample No. 5 
also r an  the fu l l  duration of the test; however, the torque and friction values 
were  high - 2.0  in.- lbs. and 0.29, respectively at the onset and 7.5 in.-lbs. 
and 0.22, respectively at termination of the tes t .  It was determined after the 
run that the instrument had not been properly adjusted to 0 torque for this run 
pr ior  to  making the tes t .  
A total  of 
The data for these runs a r e  summarized in Table 5. 
When a correction was made for  the zero setting, 
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TABLE 5 
FALEX TESTS O F  80[72Ag -28CuI-ZOMoSz COATINGS 
ON ELECTROLESS NICKEL-COATED 303 STEEL PINS 
(Sintering Temp. 750"C, C1137 Steel 96" "V" 
Blocks Hardened to  20-25 R,, Speed = 290 rpm) 
Load Time 
(lbs.) ( s e c l  
20 15 
30 
45 
15 
30 
45 
15 
30 
45 
15 
30 
45 
15 
30 
45 
15 
30 
45 
Torque 
(in. -1bs) 
0 
0 
0 
0 . 2  
0 .2  
0 . 2  
0 . 5  
0 .6  
0 . 7  
1 .0  
1 .0  
1 . 0  
1 . 0  
1 . 0  
1 . 0  
1 . 1  
1.1 
1.2 
f 
0 
0 
0 
0.02 
0.02 
0 . 0 2  
0. 04 
0. 05 
0. 05 
0. 06 
0. 06 
0. 06 
0. 05 
0. 05 
0. 05 
0. 05 
0. 05 
0. 05 
- 
Sample #1 
14 
Load 
(lbs .) 
80 
90 
100 
120 
T i m e  
( s e 4  
15 
30 
45 
15 
30 
45 
15 
30 
45 
75 
105 
135 
165 
195 
15 
30 
45 
Torque 
(in. -1bs) 
1 . 2  
1 .4  
1 .5  
1 . 5  
1 .5  
1 . 5  
1.8 
1.8 
1 .8  
2.0 
2.0 
2.0 
2.0 
1.8 
2 .0  
2 .1  
2.1 
f 
0. 05 
0. 05 
0.06 
0. 05 
0.05 
0. 05 
0. 05 
0. 05 
0. 05 
0.06 
0. 06 
0.06 
0. 06 
0. 05 
0. 05 
0. 05 
0. 05 
- 
I 
I -  
I 
I 
I 
I 
I 
I 
I 
I 
I. 
I 
I 
I 
I 
I 
I 
I 
I 
40 
50 
60  
7 0  
Load Time 
(lbs .) (sec) 
2 0  1 5  
30 
4 5  
30 15  
30 
4 5  
15  
30 
4 5  
1 5  
30 
45 
15  
30  
45 
1 5  
30 
4 5  
Torque 
lin. -1bs) 
0.5 
0.6 
0.6 
0.7 
0.7 
0 .5  
0 .7  
0.7 
0 . 8  
0.8 
0.8 
0.8 
1.2 
1 .5  
1.0 
1 .5  
1 .5  
1.2 
TABLE 5 (Continued) 
Sample #3 
Load 
f=kT/L (lbs .)
0. 074 80 
0. 089 
0.089 
0.069 90 
0. 069 
0. 050 
0. 052 100 
0. 052 
0. 059 
0. 048 
0. 048 
0. 048 1 2 0  
0.059 
0.074 
0.050 
0.064 
0.064 
0.051 
15 
Time 
(sec)  
1 5  
30 
4 5  
1 5  
30 
45  
1 5  
30  
4 5  
60 
120 
15  
30 
45 
T orque 
(in. -1bs) 
1.5 
1.5 
1 . 5  
1 .5  
1.5 
1.5 
1 . 7  
1.7 
1.7 
1.7 
1.7 
1.7 
1.7 
1 . 7  
f =kT /L 
0.056 
0.056 
0.056 
0.050 
0.050 
0.050 
0.051 
0.051 
0.051 
0 .051 
0 .051 
0.042 
0.042 
0.042 
30 
40  
50 
60 
70 
Load Time 
(lbs .) (sec) 
20 15  
30 
45  
15 
30 
45 
15  
30 
4 5  
15  
30  
45 
1 5  
30  
45  
15  
30  
45  
~- 
I 
I -  
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
TABLE 5 (Continued) 
Sample #4 
Torque 
(in. -1bs) 
0 . 6  
0.8 
0 . 8  
0.8 
0.8 
0 .8  
0.8 
0.8 
0.8 
0.8 
0.8 
0 .8  
1 .0 
1.0 
1 . 0  
1.0  
1 . 0  
1 .0  
f 
0. 089 
0.119 
0.119 
0. 079 
0. 079 
0. 079 
0. 059 
0. 059 
0. 059 
0. 048 
0. 048 
0. 048 
0. 050 
0. 050 
0. 050 
0. 042 
0. 042 
0. 042 
- 
Load 
(lbs .) 
8 0  
90 
100  
1 2 0  
140  
Time 
1 5  
30 
45  
15  
30 
45  
15 
30  
45  
1 5  
30 
45  
60  
75 
90 
15 
30  
45 
Torque 
(in. -1bs) 
1 . 0  
1.0 
1.1 
1.1 
1.1 
1.2 
1.2 
1.2 
1.4 
1.5 
1.5 
1.8 
1.8 
1.8 
1.8 
1.8 
1.8 
f 
0.037 
0.037 
0 .041 
0.036 
0.036 
0.040 
0.036 
0.036 
0.042 
0.037 
0.037 
0.045 
0.045 
0.045 
- 
0.038 
0.038 
0.038 
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30 
4 0  
50 
60  
70 
80  
TABLE 5 (Continued) 
Sample #6 
15 
30 
45 
1 5  
30 
45 
1 5  
30 
45 
1 5  
30 
45 
1 5  
30 
45 
1 5  
30 
45 
1 5  
30 
45 
1 7  
1 . 0  
1 . 0  
1.0 
1.2 
1 .2  
1.2 
1.7 
1.3 
1.3 
1.7 
1.7 
1.7 
1.8 
1.8 
1.9 
2.0 
2 . 1  
2 .1  
2.5 
2 .6  
2 .6  
0.149 
0.149 
0.149 
0.119 
0.119 
0.119 
0.126 
0.097 
0.097 
0.101 
0 .101 
0 .101 
0.089 
0.089 
0 .094 
0.085 
0 .089  
0.089 
0 .093 
0.097 
0.097 
I 
I -  
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
the recalculated data were  in  line with the friction values for  the other speci-  
mens.  Specimen No. 2 failed at the onset of the test. 
Spec ixens  7 through 1 5  also failed at the onset of the testing. 
specimens were reprocessed by heating 1 / 2  hour at 450°C in hydrogen, r e -  
s intered for one hour at 775°C (25°C higher than the initial sintering tempera-  
t u re )  in  argon and retested on a different a r e a  of the pin. 
and 11 showed considerable improvement as indicated by the data  l isted in 
Table 6. The remainder of the specimens, No.'s 10, 12, 13, 14, and 15, again 
failed immediately at the beginning of the test. 
planation for the e r ra t ic  behavior of the specimens 7 through 15 except that they 
were  f i red  in  different lots. 
All of these 
Specimens 7, 8, 9 
The re  is no immediate ex- 
TABLE 6 
FALEX TESTS O F  80% (72 Ag-28 CU) - 20 M o S ~  COATINGS 
ON ELECTROLESS NICKEL COATED 303 STEEL PINS 
REPROCESSED TO IMPROVE BONDING 
Specimen #7 
Original Coating Refired Coating 
Load Time Torque f 
(lbs ) ( sec)  (in-lbs) - 
Load T ime  Torque f 
(lbs) (sec) (in-lbs) - 
20 15 1.0 - 20 15 0.7 0.105 
30  failed 
18 
30 0 . 9  .135 
45 1.0 . 150 
60 1.0 . 150 
90 1.0 . 150 
120 1.1 .165 
50 15 1 . 7  . l o 2  
30 
45 
60 
90 
120 
150 
180 
-- 71 0 
1.5  .09 
1.5 .09 
1 .6  .09 
1.6 .09 
1.5 .09 
1.5 .09 
1 . 9  .09 
1 1  . L A  3 c ;  I .  d 
fa i lure  
I 
I .  
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
TABLE 6 (Continued) 
Specimen #8 
Original Coating 
Load Time Torque f Lo ad 
( lbs)  (lbs ) (see) (in-lbs) - 
20 15  1.0 . 1 5  20 
30 2.0 .29 
45 2.0 .29 
60 2.5 .37 
failure 50 
Specimen # 9  
Load Time Torque f Lo ad 
Ubs) 
20 15 1.7 0.25 20 
( lbs)  (sec)  (in-lbs) - 
30 2.5 .37 
failed 
50 
19 
Refired Coating 
Time Torque 
jsec) (in-lbs) 
15 0.5 
30 . 6  
45  . 6  
60 .6 
15 . 9  
30 . 9  
4 5  . 9  
60 1.0 
90 1.2 
120 2.0 
failure 
30 
45  
60 
15 
30 
45  
60 
90 
105 
Torque 
(in-lb s ) 
1.0 
1.2 
1.3 
1.3 
2.0 
2.1 
2.0 
2.0 
2.5 
failure 
f 
- 
0.075 
. 0 9  
. 0 9  
09 
. 0 5 4  
.054  
. 0 5 4  
.06  
.07 
. 1 2  
f 
- 
0.15 
.18  
.192  
.192  
.12  
.125  
. 1 2  
. 1 2  
.15 
I 
1 .  
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
TABLE 6 (Continued) 
Specimen 11 
Original Coating 
Load Time Torque f Lo ad 
20 15 2.5 0.25 20 
- (lbs) ( sec )  (in-lbs) - (1bs) 
30 failure 
50 
20 
Rep roc e s sed Coating 
T ime  Torque f 
(set) (in-lbs ) - 
15 1.0 .148 
30 1.1 .16 
45  1.1 .16  
60 1.2 .18 
90 1.3 0 19 
120 1.4 . 21 
15 2.0 .12 
30 2.1 .125 
45 2.5 .15 
60 fai lure  
I 
I '  
I 
I 
I 
I 
I 
1 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
2 . 5  Wear Tes ts  of Coated W o r m  Gears  - - 
A simple wear tes te r  was designed and constructed by Vitro for  the testing 
of worm gears  coated with a solid lubricant. Figure 4 is a schematic of the 
equipment. 
against the slip clutch spring to the desired load. The applied load was 
measured by loosening the J1-96 gear hub, attaching a spring scale  to the 
load measuring pin which was maintained in  line with spindles A and B, and 
loading the spring on the sl ip clutch to the desired load, then resetting the 
set  screw in the J l - 9 6  gear  hub. The load measuring pin center-to-spindle 
B-center distance was one inch, so the torque load was read directly f rom 
the spring scale. 
Torque was applied t o  the gear  set  by adjusting the lock nuts 
Standard run-in t e s t s  were  made using uncoated gears.  
no lubricant was used. The load was set  for  20 in. -02. torque, and the 
tes t s  were  run at 110 rpm for 1 / 2  hour. B r a s s  chips f rom the worm wheel 
were  formed almost immediately and chipping continued for  the duration of 
the test .  The tes t s  indicated that a constant torque could not be maintained 
without a lubricant. 
end of the tes ts .  
In the first tests, 
The torque load on the uncoated gear  set  doubled by the 
A second s e r i e s  was run in which the gea r s  were  lubricated with SAE 140 
gear  oil. 
slight b r a s s  chipping was noted. 
These tes t s  were  continued for 10 hours,  then discontinued when 
Coated gea r s  were  tested and all failed almost immediately. 
fac tors  could have contributed to these failures:  
A number of 
1. A constant torque could not be maintained throughout the tes t  
due to slippage of the clutch. 
2.  The coated gea r s  were not undercut to allow for  the applied 
coating thickness and did not therefore mate  properly,  
3 .  No provision was made to compensate for  gear  and worm wheel 
mismatch as  wear  progressed. 
changed the load pe r  unit contact a rea .  
This caused a shift in  the wear  a r e a  and 
4. The manual setting of the worm wheel and gear  allowed potential 
misalignments . 
21 
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In view of all the difficulties encountered with the wear  tes t  apparatus, the 
t e s t s  were discontinued since it was felt i t  was not within the scope of this 
study to further develop the apparatus to provide meaningful data. As 
described in Section 2 . 7 ,  additional coated worm gears  and uncoated worm 
sophisticated equipment. 
2.  6 Pin and Disc Sliding Friction Tes ts  
' wheels were forwarded to NASA/Goddard for retesting on existing, m o r e  
, ..' 
Ten coated discs  were  prepared f o r  testing at Midwest Research Institute in 
their  friction testing apparatus. 
silver-copper (eutectic)-MoS2 coating and with the nickel-copper (Mone1)- 
MoSZ coating. 
was applied to only one side of the disc. 
application and the thickness of the coatings for the d iscs  supplied to MRI. 
Five (5) discs  were each coated with the 
Figure 5 shows the design of the friction disc. The coating 
Table 7 l i s t s  the conditions of 
Falex tes t  pin control specimens were also prepared f rom the same electro- 
phoretic dispersion bath used to coat the discs.  
the pins was identical to that of the discs.  
The sintering schedule fo r  
Tables 8 and 9 show the resul ts  of the Falex tes ts  on the control pins. 
Ag-Cu-MoSZ coatings, in agreement with previous tes ts  (see Section 2.4), 
were  considerably better than the Ni-Cu-MoS2, performed very well showing 
no evidence of failure af ter  4 minutes running under a load of 140 lbs.  
friction coefficient at the end of the tes t  was 0.079. 
however, yielded higher coefficients although no evidence of g ross  failure 
was evident at the completion of testing. 
sooner, however, because of the gradually increasing friction coefficient. 
Specimen D failed immediately. 
The 
The 
Specimens B and C, 
These runs were  terminated 
All the specimens coated with Ni-Cu-MoS2 failed ear ly  and yielded friction 
coefficients slightly higher than desired. 
Four  pin and disc sliding friction tes ts  were made on each of the two film 
compositions (eight tes t s  in al l )  by Midwest Research Institute. 
ricated 1/4" bronze ball was rubbed against the coated d iscs  until the 
coefficient of friction between the ball and disc reached 0. 50. The tes t s  
were  run under the following conditions: 
An unlub- 
Sliding Speed: 
Load : 
Environment: 
4 and 40 fpm 
60 and 600 grams 
Normal lab air and temperature  
23 
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1 
I 
I 
I 
I 
I 
I 
I 
I 
1 
I 
I 
c 
1.748 
1.746 
Diameter  
Grind both 
paral le l  t o  
faces 
0.0002. 
B r e a k  edges 
,,after grinding. I-\- 
* \  
;' \, 
1' 
Material :  Type 303 o r  303SE Stainless, 
Hardness  B-75-83 Rockwell 
To le rances :  Angular *1/2"  
Fract ional  *1/64" 
FIGURE 5 
FRICTION TEST DISC 
TABLE 7 
SPECIMENS PREPARED FOR TESTING AT 
MIDWEST RESEARCH INSTITUTE 
Coating: Silver Copper (72%-280/0) Bonded Moly Sulfide on Electroless  
Nickel Coated 303 S S  Discs 
Sintered at  760OC, 1 Hour in Argon 
Disc Coating 
No. Thickness (mil) Surface Finish 
5 1.3 Dull, gray finish, as f i red  
10 1 .3  Dull, gray finish, as f i red 
14 1.4 Dull, gray finish, as f i red 
12 1 .8  Metallic, shiny, buffed finish 
13 1.1 Metallic, shiny, buffed finish 
Coating: Nickel Copper (70-30) Bonded Moly Sulfide on Electroless  
Nickel Coated 303 SS Discs 
2 
12  
13 
14 
9 
1.3 
1.5 
1 . 7  
1 .6  
1.3 
Dull surface, as fired 
Sintered at 875OC, 
2 Hours in Argon 
Dull surface, as fired 
Sintered at 875OC, 
2 Hours in  Argon 
Dull surface,  as fired 
Sintered at 875OC, 
2 Hours in Argon 
Dull surface,  as fired 
Sintered at 875OC, 
2 Hours in  Argon 
Buffed surface,  
Sintered at 9OO0C, 
1 Hour in Argon 
2 5  
TABLE 8 
FALEX TEST DATA FOR 800/0(72Ag-Z8Cu) COATING 
ON ELECTROLESS NICKEL COATED 303 SS PINS 
COATED FROM DISPERSION USED ON FRICTION DISCS 
SPECIMEN A 
Lo  ad 
(1bs) 
20 
50 
60 
100 
120 
140 
Time 
(set) 
15 
30 
45 
60 
15 
30 
45 
60 
15 
30 
45 
60 
15 
30 
45 
60 
15 
30 
45 
60 
90 
120 
180 
15  
60 
2 min  
3 m i n  
4 m i n  
Torque 
(in - lb s ) 
0.6 
0.6 
0.6 
0.7 
1 . 6  
1 .5  
1 .5  
1.5 
1 .6  
1 .6  
1 .6  
1. 6 
2.2 
2 .4  
2.5 
2.5 
2.6 
2.7 
2 .9  
2.9 
2.9 
3.3 
395 
3.5 
3.6 
3.9 
3.5 
3.7 
.b ,*- 
Test terminated without failure 
26 
F 
0.090 
0.095 
0.074 
0.079 
0.079 
0.065 
0.074 
0.064 
0.081 
0.075 
0.079* 
I 
I *  
I 
I 
I 
I 
1 
I 
I 
I 
t 
I 
1 
1 
1 
I 
I 
I 
B 
20 
40 
60 
100 
20 
30 
60 
T i m e  
1 5  
30 
4 5  
1 5  
30 
4 5  
1 5  
30 
60 
1 5  
30 
4 5  
60 
120 
3 min 
4 min 
5 min 
Stopped 
1 5  
30 
4 5  
60 
1 5  
30 
60 
90 
120 
1 5  
30 
60 
90 
120 
150 
180 
Stopped 
TABLE 8 (Continued) 
SPECIMEN B 
T o r q u e  
(in-lb s)  - 
0. 6 
0 . 8  
0 . 8  
1 . 7  
1 . 7  
1. 8 
3 . 1  
3 . 1  
3 . 1  
5 . 0  
5 . 3  
5 . 5  
5 . 7  
6 . 0  
6 .5  
6 . 9  
7 . 2  
SPECIMEN C --- - 
0 . 3  
0 .5  
0 . 5  
0. 5 
1 . 7  
1.8 
1 .9  
2 . 1  
2 . 4  
3 .4  
3 .0  
4 . 9  
5 .0  
5 .5  
6. 5 
7 . 0  
27 
F 
0 . 0 9  
0.12 
0 .12  
0 .126  
0 .126  
0 .135  
0 . 1 5  
0 .15  
0. 15  
0. 15 
0 .18  
0 .216  
0 .045  
0 . 0 7 5  
0 .075  
0 .075  
0 .168  
0 .240  
0.  178 
0 .25  
0 . 3 3  
I 
I ’  
I 
1 
i 
I 
I 
I 
1 
I 
I 
I 
I 
I 
1 
1 
I 
I 
I 
TABLE 9 
F A L E X  TEST DATA F O R  80~o(7ONi-3OCu)2O~oMoS~ COATING 
ON ELECTROLESS Ni COATED 303 SS PINS COATED FROM 
DISPERSION USED F O R  FRICTION DISCS 
SPECIMEN A 
60 
80 
20 1 5  
30 
45  
60 
90 
1 5  
30 
4 5  
60 
1 5  
20 
40 
1 5  
30 
60 
90 
1 5  
30 
60 
0 . 5  
0 . 5  
0 . 5  
0 . 5  
0 . 8  
3.8 
4 . 2  
4 . 5  
4 . 5  
F a i l u r e  
SPECIMEN B - 
0 . 8  
0 . 9  
1 .0  
1 .0  
1 .9  
2 . 0  
Failure 
28 
F 
I_ 
0 .075  
0 .075  
0 .075  
0 . 0 7 5  
0 .12  
0 .189  
0 .225  
0 .225  
0 .12  
0 . 1 5  
0 .15  
0 . 1 5  
In the tes t  apparatus,  the ball is  mounted in a chuck that is attached to a 
loading lever .  Weights a r e  placed on the unrestrained end of the loading 
lever  to obtain the desired load. The disc  is  driven by a dynamometer- 
mounted dr ive motor.  
i s  attached to the core  of a l inear  variable differential t ransformer  (LVDT). 
The signal f rom the LVDT, which is proportional to the deflection of the leaf 
spring, is  displayed on a m e t e r  and is  recorded. 
determined f rom the reaction torque on the dynamometer-mounted, dr ive 
motor ,  the magnitude of normal  load on the ball,  and the distance the load 
i s  applied f r o m  the center  of rotation. The me te r  that displays the signal 
f rom the LVDT is equipped with a cut-off switch that automatically shuts 
down the dr ive motor and recorder  when the reaction torque reaches a value 
which has  been predetermined as film failure.  
ficient versus  t ime and total running t ime is obtained f rom the recorder  
char t .  
The dr ive motor is  res t ra ined by a leaf spring that 
Fr ic t ion coefficients a r e  
A record of friction coef- 
A cut-away drawing of the tes t  apparatus is  shown in Figure 6. 
a photograph of the apparatus,  control unit, and recorder .  F igure  8 is  a 
photograph of the tes t  specimen area  of the apparatus.  
Figure 7 i s  
The coated d iscs  were  used as-received and the balls were  ultrasonically 
cleaned before use. 
test .  
reaction torque on the dr ive motor. 
wea r  measurement .  
microscope both paral le l  and perpendicular to the d i rec t  ion of sliding. 
The apparatus was calibrated before and af te r  each 
Calibration was done by a dead weight method which simulated the 
Calibration was  a l so  checked af ter  each 
Wear measurements  were made with a tool-maker 's  
The resu l t s  of the wear-life tes ts  conducted on the eight solid lubricant films 
a r e  l isted in Table 10. 
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TABLE 10 
SLIDING FRICTION TESTS O F  SOLID LUBRICANT 
COATINGS ON 303 SS DISCS 
Silver- Copper-MoS2 Films 
Tes t  
Disc Load 
No. (g) 
10 600 
5 60 
13 60 
12 600 
Tes t  
Speed 
( f P 4  -- 
40 
40 
4 
4 
Nickel-Copper-MoS2 Films 
Scar Diameter at end of Tes t  
(in. ) 
11 to  sliding I to sliding 
f direction direction -- Time 
O+ 0 .3 -0 .4  0.033 0.030 
5 min 0 . 5  
1 9 m i n  0.5+ 
1 hr 0.46 
2 hr 0.46 
3 hr 0.46 
3.5 h r  0. 50 t  
o t  0.25 
12 hr 0.28 
24 hr 0.25 
36 hr 0.25 
48 hr 0.27 
60 hr 0.26 
72 hr 0.40 
84 hr 0 .45 
91  1 / 4  h r  0.50t 
O+ 0.35 
4 min 0. 50f 
o t  0. 30 0.018 0.030 
0.018 0.032 
No visible metal damage 
12 600 40 O+ 0.4-0.6 0.071 
9 60 40 O+ 0.20 0 . 0 7 1  
2 min 0. 5+ 
12 hr 0.21 
24 hr 0.25 
36 hr 0. 32 
48 hr 0.35 
32 
0.074 
0.071 
TABLE 10 (Continued) 
Nickel-Copper-MoSp Fi lms  (Continued) -
Scar Diameter at end of Tes t  - 
Test  
Disc Load 
-- No. (g) 
9 
2 60 
14 600 
Tes t  
Speed 
(fpm) 
4 
4 
Time 
60 h r  
72 h r  
84 h r  
96 h r  
108 h r  
113 h r  
o t  
1 7  min 
o t  
12 min 
f 
0.35 
0.37 
0.35 
0.29 
0.37 
0. 50+ 
0.35 
0.50t  
0.45 
0 . 5 0 t  
- 
(in. ) 
direction direction 
-
11 to sliding I to sliding 
0.046 
0.057 
0.043 
0.060 
2 . 7  Coating of Worm Gears  for  Deliverv to NASA 
Worm gears  could not be uniformly coated with the 60/40 isopropanol- 
nitromethane solvent ratio which was used to coat the simpler shapes such 
a s  pins and discs.  A very uneven and thin coating was deposited at the root 
of the gear  f rom the 60/40 dispersion. To impart  adequate throwing power 
to the electrophoretic dispersion, the solvent ratio was adjusted to 22 
isopropanol-78 nitromethane, and this was found to yield complete and uni- 
f o r m  coverage of the worm gear. 
As-deposited and hydrogen reduced coatings were  removed f rom representa- 
tive The resul ts  of 
these analyses a r e  shown in Table 11. 
solvent ratio lowered the deposition ra te  of MoS2 in  the Cu-Ni-MoS2 system 
but had no effect upon the MoS2 coating rate.  
analysis of coatings prepared f r o m  60/40 I -N solvent-coating dispersion. ) 
The me ta l  ratios,  however, in all ca ses  were  as  desired.  
samples and analyzed chemically to check composition. 
It seems that the change in the 
(See Table 4 for comparative 
3 3  
TABLE 11 
CHEMICAL ANALYSIS OF DEPOSITED AND H2 REDUCED 
COATINGS ON WORM GEARS 
-- Ag w / o  c u  w / o  NiW / o  M o S ~  - I o 
74 26 - -  26  
- -  27.5 72. 5 15 
The reduction and sintering conditions for the coated worm gears  were 
essentially equivalent to the cycles established ear l ie r  on tes t  pins. 
1 2  summarizes  the procedures used for the preparation of the gears .  
Several  gears  were  sectioned to metallographically examine the coating. 
Figure 9 shows the c r o s s  sections of the coating. 
coating is  slightly thinner a t  the root of the tooth 
a r e a s  which appear to be slightly void of coating a r e  pull outs which 
occurred during polishing. The diffusion bonding in the Cu-Ni-MoS2 
eutectic coating system and the good distribution of the MoS2 lubricant 
should be noted. 
Table 
It is evident that the 
than on the c res t .  The 
Concurrent with the coating of the gears ,  Falex tes t  pins were  also coated 
f rom the same electrophoretic bath, and reduced and sintered under the 
identical conditions used f o r  the gears. 
Falex tes t  data. 
Tables 13 and 14 summarize the 
It is ra ther  surprising to see  the poor bonding resul ts  for  the Ag-Cu eutectic 
alloy (Table 13) based on previous resul ts  and the bonding exhibited by the 
photomicrographs of Figure 9 fo r  the gears .  
alloy, however, were  comparable to previous data. 
attributed to the reduction o r  sintering conditions for  the pins and not to the 
change in  the dispersion solvent ratio. 
The resul ts  fo r  the Cu-Ni 
The anomalies a r e  
Table 1 5  lists dimensional data for the coated gears  sent to NASA, Goddard 
Space Flight Center for evaluation. 
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TABLE 12 
PROCEDURES UTILIZED FOR COATING WORM GEARS 
FOR NASA EVALUATION 
1. Electrophoretic Deposition f rom 10 ma, 100 volts, 30 sec. 
22 Isopropanol- 7 8 Nitrome thane 
Solvent 
immersion 
2. Densification 10 tsi 
3. Hydrogen Reduction Cycle 
Ag2O- C U ~ O - M O S ~  100- 1 5OoC 1 / 2  h r  
250-275OC 2 hr  
3OO0C 1 / 2  h r  
4OOOC 1/2  h r  
5OO0C 1 / 2  hr  
NiO-Cu20-MoS2 250-275OC 2 1 / 2  h r  
3OO0C 1 h r  
4OO0C 1 / 2  hr  
5OO0C 1 / 2  h r  
4. Redensification 10 tsi 
5. Sinter in Argon 
Ag- CU-MOS~ 
Cu-Ni -MoS2 
76OoC 1 h r  
875-90OoC 1 h r  
35 
250 X a) 8070 (7ONi-3OCu) 
- 4. - 
50 X - 20'70 MoSz on Sand Blasted 
303 Stainless Steel Worm G e a r s .  
250 X 
7 
b 
5x 
80'70 (72AG- 8Cu) - 209'0 MoSz on Nickel Coated 
303 Stainless Steel Worm G e a r s  . 
FIGURE 9 
PHOTOMICROGRAPHS O F  COATINGS 
ON WORM GEARS 
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TABLE 13 
FALEX TEST DATA FOR 80~0(72Ag-Z8Cu)20%M0S~ COATING 
ON ELECTROLESS Ni COATED 303 SS PINS COATED FROM 
22/78 I-N DISPERSION USED ON WORM GEARS 
SPECIMEN A 
20 
6 0  
20  
40 
15 
30 
60 
90 
Fai lure  - Peeled 
SPECIMEN B 
15 
30 
60 
90 
Failure  - Peeled 
37 
Torque 
(in- lb  51 
0.5 
0 .5  
0 .8  
0 . 8  
due to poor bond 
0 .5  
0 . 8  
1 .0  
1 .0  
due to poor bond 
F 
0.075 
0.075 
0.12 
0.12 
- 
0.075 
0.12 
0.15 
0.15 
TABLE 14 
FALEX TEST DATA FOR 80~0(7ONi-3OCu)20O/oMoS2 COATING 
ON ELECTROLESS NICKEL COATED 303 SS PIN COATED FROM 
2 2 / 7 8  I-N DISPERSION USED ON WORM GEARS 
SPECIMEN A 
20 
60 
80 
20 
60 
100 
Time Torque 
(set) (in- lbs) -
1 5  
30 
4 5  
60 
90 
1 5  
30 
4 5  
60 
F a i l u r e  
SPECIMEN B 
1 5  
30 
4 5  
60 
1 5  
30 
60 
90 
1 5  
30 
60 
90 
38  
0.5 
0 . 5  
0 . 5  
0 . 5  
0. 8 
3. 8 
4.2 
4 . 5  
4 . 5  
1 . 2  
1 . 4  
1 .2  
1 . 6  
3 . 2  
3. 5 
4 . 0  
4 . 5  
7 .5  
7 . 9  
9 . 5  
1 0 . 3  
F - 
0.075 
0 .075  
0 .075  
0 .075  
0 .12  
0. 18 
0 . 2 2 5  
0 .225  
0. 18 
0 .24  
0 . 1 5 9  
0 .198  
0 .219  
0 .225  
0 .309  
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TABLE 15 
DATA FOR COATED WORM GEARS SENT TO 
NASA, GODDARD SPACE FLIGHT CENTER FOR EVALUATION 
1. Single thread Type 303 stainless steel worms  coated with Type A 
lubricant (0 .5  mil e lectroless  N i  under coating plus 1.0-1. 5 mils 
80 V/o (72Ag-28Cu)-20 v/o MoSz) sintered 750°-760°C in argon for 
1 hour. 
Part Thread Dia. 
No. w / o  Coating 
5 
7 
8 
10 
19 
20 
22 
23 
0.3755 
.3740 
,3740 
.3755 
.3755 
.3735 
.3740 
.3755 
Thread Dia. Coating 
Coated Thickne s s 
.3785 
.3775 
,3770 
,3777 
.3772 
.3760 
.3766 
.3800 
0.0015 
.0017 
.0015 
.0011 
. 0 0 0 9  
,0013 
.0013 
.0022 
2 .  Single thread Type 303 stainless steel worms  coated with Type B 
lubricant (0 .5  mil electroless  N i  undercoat plus 1.0-1. 5 mils 80 v / o  
(70Ni-30Cu)-20 v / o  MoS2) sintered 85Oo-875OC in argon for  1 hour 
Part Thread Dia. Thread Dia. Coating 
No. w / o  Coating Coated Thickness 
1 
2 
3 
4 
6 
9 
10 
13 
C 
B : 
0.3738 
.3758 
.3754 
.3755 
.3755 
.3740 
,3740 
.3758 
.3738 
.3740 
0.3765 
.3794 
,3775 
.3780 
.3780 
.3760 
.3760 
.3775 
.3760 
.3768 
sandblasted substrate ,  no electroless Ni undercoat. :ZB & - 
39 
0.0013 
.0018 
. O O l l  
.0013 
.0013 
. O O l O  
. O O l O  
.0008 
. O O l l  
.0014 
I -  
I '  
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
1 
I 
I 
I 
I 
1 
3 .  SUMMARY AND CONCLUSIONS 
The feasibility was demonstrated of preparing selected metal-bonded MoS2 
solid lubricant f i lms on gears ,  test discs ,  and pins, by electrophoretic 
deposition. 
cation and bonding, problems were encountered due to degradation of the 
mechanical propert ies  of the substrate and reduction of the lubricant by the 
meta l  binders at the required sintering temperatures .  
indicate s that sub s tr ate - lubricant- binde r sy s tem s to be electrophoretically 
deposited must  be selected carefully to provide good compatibility at 
elevated temperatures ,  and further work is required to determine the lubri-  
cant/binder ratio for  any system which produces a combination of minimum 
wear  ra te  and coefficient of friction, and maximum adherence and density. 
Since the deposited f i lms mus t  be heat t reated to effect densifi- 
This experience 
Among the systems studied in this program, an 80 vol. 70 (7ONi-30Cu)-20 
vol. 7'0 MoS2 film gave the best  performance in  Falex and in pin-and-disc 
sliding friction tests.  
speed of 4 fpm, the coefficient of friction between a n  unlubricated bronze 
sphere and a coated s teel  disc was l e s s  than 0. 5 for a running t ime of 
91 hours-15 minutes. 
and a sliding speed of 40 fpm, and was l e s s  than one hour at a load of 600 
grams. 
pins rubbed against uncoated C1137 steel  V-blocks, a friction coefficient of 
l e s s  than 0.06 was recorded for  10 minutes running t ime at a rotational 
speed of 290 rpm and a maximum load of 120 pounds. 
In the latter tes t  at a load of 60 g rams  and a sliding 
The wear  life reduced to 3.5 hours  at the same load 
In laboratory Falex tes ts  of the same coating on 303 s ta inless  s teel  
All coatings prepared in the course of the program were  deposited upon 303 
s ta inless  steel, and it was found necessary to interpose a copper or  nickel 
film between the coating and the substrate to obtain good adherence. 
At the conclusion of the program, sixteen single thread, right-hand, 0. 3333 
in. pitch diameter ,  Type 303 stainless steel  worms were  coated with the 
Ag-Cu-MoS2 lubricant film and were delivered to NASA for  fur ther  eval- 
uation. 
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